Ten aminoacyl tRNA synthetases belong to a distinct class, based on two characteristic sequence motifs that are part of an N-terminal nucleotide-binding fold held in common (Webster et al., 1984; Hountondji et al., 1986; Cusack et al., 1990; Eriani et al., 1990; Burbaum & Schimmel, 1991; Nagel & Doolittle, 1991; Moras, 1992) . These 10 enzymes are further subdivided into a subclass of 5 , which consists of Cys-, Ile-, Leu-, Met-, and Val-tRNA synthetases (Hou et al., 1991; Shiba & Schimmel, 1992) . In addition to having the sequence motifs in the N-terminal halves of all class I enzymes, these five also have related C-terminal domains and, in general, a statistically more significant alignment of N-terminal sequences with each other than with the remaining five class I enzymes. Class I1 enzymes are unrelated to the class I synthetases and probably have a distinct origin.
Except for the dimeric alphaz Escherichia coli methionyl-tRNA synthetase, the other four class I E. coli enzymes in the subgroup are monomers. Removal of approximately 140 amino acids from the C-terminus of E. coli methionyl-tRNA synthetase converts it into an active monomer, and thus it also may be treated as monomeric (Cassio & Waller, 1971) . Consistent with this is the observation that yeast MetRS is monomeric (Walter et al., 1983) . For these five enzymes, polypeptide chain lengths vary in E. coli from 461 (Cys) to 959 (Val) amino acids and show a similar length variation in other organisms.
The three-dimensional structure (Brunie et al., 1990) of the active N-terminal monomeric 547-amino acid polypeptide of methionyl-tRNA synthetase serves as a model for the structures of the other four related proteins. The N-terminal nucleotide-binding fold, with alternating beta-. . strands and alpha-helices, is fused to a C-terminal domain composed primarily of alpha-helices. Two insertionsconnective polypeptide 1 (CP1) and CP2 -split the nucleotide-binding fold after the third and fourth beta-strand, respectively. These connective elements bulge out from the structure, and much of the size differences between this subgroup of class I enzymes is accommodated by insertions into or deletions within CP1 .
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Twenty-one sequences of this subgroup of five class I enzymes are available ( Fig. 1 ; Table 1 ). The sources of the four IleRS sequences, five ValRS sequences, six LeuRS sequences, five MetRS sequences, and the single CysRS sequence are listed in Table 1 along with the abbreviations used in Figure 1 . Of these sequences, eight are from prokaryotes, three are mitochondrial, two are from thermophilic bacteria (one is from an archaebacterium), and eight are from eukaryotic cytoplasm.
One of the most recent sequences is that of the gene for Tetrahymena therrnophila ( T . thermophila) isoleucyl-tRNA synthetase, and this is the first to contain multiple introns. The possibility of introns separating structural or functional domains was mentioned by Csank and Martindale (1992) .
Both the LeuRS sequences from Neurospora crassa cytoplasm (Nc-L) and mitochondria (Ncm-L) contain a single intron (Benarous et al., 1988; Chow et al., 1989) . The locations of the eight introns in the structure of T therrnophila isoleucine tRNA synthetase (which is modeled after the E. coli methionine tRNA synthetase) are shown in the upper portion of Figure 1 . The beta-strands and alpha-helices of the nucleotide-binding fold are represented as pentagons and rectangles, respectively. Six of the introns are located within or at the end of the N-terminal nucleotide-binding fold and with one exception (intron 2), all of these introns are between segments of secondary structure. The locations of introns 4, 5, and 6 are of particular interest. 
The CP1 insertion is flanked by introns 4 and 5 , suggesting that a distinct exon encoding the CPI polypeptide was recruited into the nucleotide-binding fold. In the related class I glutaminyl-tRNA synthetase, the CP1 insertion interacts with the tRNA acceptor stem and facilitates docking of the 3'-end of the tRNA near the bound ade-1389 nylate (Rould et al., 1989) . Mutations that alter tRNA recognition by methionyl-tRNA synthetase occur in CP1 , and these mutations have been proposed to alter acceptor helix interactions (Schimmel, 1991) . The tRNA acceptor helices can be modeled as 7bp microhelix substrates for specific aminoacylation by several synthetases (Francklyn & Schimmel, 1989 Francklyn et al., 1992; Frugier et al., 1992; Martinis & Schimmel, 1992) . The recruitment of an exon-encoded polypeptide insertion next to the site of adenylate synthesis may have been a step in the evolution of class I enzymes, which provided a structural format for achieving aminoacylation of RNA oligonucleotides that became tRNA acceptor stems.
In the alignment of the 21 sequences in the region of CP1 of the subgroup of class I enzymes shown in the lower portion of Figure 1 , the relatively enlarged sizes of the CP1 insertions of Ile-, Leu-, and Val-tRNA synthetases are apparent. Earlier work showed that, in E. coli isoleucyl-tRNA synthetase, substantial parts of CPl are dispensable for aminoacylation (Starzyk et al., 1987) . These deletions are represented at the bottom of Figure 1 . At the time, only the sequence of E. coli methionyl-tRNA synthetase was used for comparison. This larger data base shows that these functional CPl deletions in isoleucyl-tRNA synthetase remove segments that are mostly absent in methionyl-and cysteinyl-tRNA synthetases (six lower sequences in alignment, Fig. 1; Shiba . The CPI sequences common to both the active isoleucyl-tRNA synthetase deletion proteins and to methionyl-and cysteinyl-tRNA synthetases may form the The proposed organization of secondary structural elements in Escherichia coli IleRS are based on modeling using sequence alignments (Starzyk et al., 1987; Hou et al., 1991; Shiba & Schimmel, 1992) and the E. coliMetRS structure (Brunie et al., 1990) .
The HIGH, KMSKS, and PXXP (where X is predominantly hydrophobic) conserved sequences are indicated, as well as the proposed anticodon loop binding sites (Ghosh et al., 1990 (Ghosh et al., , 1991 Despons et al., 1991; Meinnel et al., 1991) . The ' I : thermophila intron positions (Csank & Martindale, 1992) were based on an alignment between the E. coli and ' I : thermophila IleRS sequences. The positions of the single introns in the N. crassa mitochondria (Ncm) and cytoplasmic (Nc) LeuRS genes are also indicated (Benarous et al., 1988; Chow et al., 1989) . Lower panel: The alignment for the 21 sequences of the class I subgroup are shown for the CPI region. The secondary structure of E. coli MetRS is shown above the alignment; nomenclature for the alpha-helices, beta-sheets, and loop are based on this structure (Brunie et al., 1990) . The alignment was determined from the Genetics Computer Group (Madison, Wisconsin) software GAP, PILEUP, PROFILE, and PRETTY (Needleman & Wunsch, 1970; Feng & Doolittle, 1987; Gribskov et al., 1990 ; see also Shiba & Schimmel, 1992) . The shaded residues identify semiconserved sequences.
Four IleRS sequences are from E. coli (Ec-I; Webster et al., 1984) , ' I : thermophila (Tet-I; Csank & Martindale, 1992) , Methanobacterium thermoautotrophicum (Mt-I; Jenal et al., 1991) , and Saccharomyces cerevisiae (Sc-I; Englisch et al., 1987; Martindale et al., 1989) . Also given are ValRS sequences: E. coli (Ec-V; . Bacillus stearothermophilus (Bst-V; Borgford et al., 1987) . human (Hu-V; Hsieh & Campbell, 1991), S. cerevisiae (Sc-V; Jordana et al., 1987) , Neurospora crassa (Nc-V; Kubelik et al., 1991) ; LeuRS sequences: E. coli (Ec-L; , Bacillussubtilis (Bs-L; Horn & Zahler, 1992), S. cerevisiae mitochondria (Scm-L; Tzagoloff et al., 1988) , N. crassa mitochondria (Ncm-L; Chow et al., 1989) , S. cerevisiae (Sc-L; Hohmann, 1991) , N. crassa (Nc-L; Benarous et al., 1988) ; MetRS sequences: E. coli (Ec-M; Dardel et al., 1984) , Mechulam et al., 1991) , and the single CysRS sequence from E. coli (Ec-C; Avalos et al., 1991; Eriani et al., 1991; Hou et al., 1991) . The previously generated deletions in E. coli IleRS (Starzyk et a]., 1987) structures that interact with the acceptor stem microhelices.
Intron 6 delineates the boundary between the end of the nucleotide-binding fold and the beginning of the helical C-terminal domain. In the class I methionyl-and glutaminyl-tRNA synthetases, the C-terminal domain has the motif for interaction with the anticodon trinucleotide (Rould et al., 1989 (Rould et al., , 1991 Brunie et al., 1990; Ghosh et al., 1990 Ghosh et al., , 1991 Despons et al., 1991; Meinnel et al., 1991) . The anticodon is distal to the amino acid attachment site and is part of a second stem-loop domain found in tRNA structures. The recruitment of one or more exons joined to the C-terminal side of the coding sequence for the nucleotide-binding fold, as evident in the gene for the i? thermophila isoleucyl-tRNA synthetase (Csank & Martindale, 1992) , may have provided the framework for binding tRNA elements distal to the acceptor helix.
In methionyl-and glutaminyl-tRNA synthetases, the sequences and structures of the C-terminal domains are unrelated (Rould et al., 1989; Brunie et al., 1990) , even though the two enzymes belong to the same class by virtue of the N-terminal nucleotide-binding fold held in common. Thus, although the sequences of CP1 polypeptides and C-terminal domains for the subgroup of enzymes considered here are related, these sequences are also highly diversified amongst all of the class I enzymes when considered as a group. The gene structure of i? thermophila isoleucyl-tRNA synthetase suggests that the diversification of C-terminal domains and CPl polypeptides may have arisen from a variety of exons for RNA-binding interactions, which were joined to a relatively fixed adenylate synthesis domain.
Recently, we demonstrated the assembly of randomly cleaved isoleucine tRNA synthetase, including the generation of active enzyme from fragments that were generated by interruptions of conserved sequences and secondary structure elements (Shiba & Schimmel, 1992) . These results indicated that the assembly of a protein from fragments is not dependent on having fragments that approximately begin and end at the boundaries of exons. With this in mind, although the gene structure of T. thermophila IleRS and related data can be viewed as reflecting the assembly of at least a portion of the synthetase from defined exon-like domains, the available data on this and other systems do not rule out additional possibilities, such as the build-up of synthetase structure from fragments that do not correspond to exon-like units. Some clarification will be provided when more sequences of genes of synthetases become available.
